The precision with which individual termination codons in mRNA are recognized by protein release factors (RFs) has been measured and compared with the decoding of sense codons by tRNA. An Escherichia coli system for protein synthesis in vitro with purified components was used to study the accuracy of termination by RF1 and RF2 in the presence or absence of RF3. The efficiency of factor-dependent termination at all sense codons differing from any of the three stop codons by a single mutation was measured and compared with the efficiency of termination at the three stop codons. RF1 and RF2 discriminate against sense codons related to stop codons by between 3 and more than 6 orders of magnitude. This high level of accuracy is obtained without energy-driven error correction (proofreading), in contrast to codon-dependent aminoacyl-tRNA recognition by ribosomes. Two codons, UAU and UGG, stand out as hotspots for RF-dependent premature termination.
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protein synthesis ͉ translational processivity ͉ premature termination S ixty-one of the 64 base triplets in the genetic code are sense codons, which are translated in bacteria to the 20 standard amino acids in proteins by about 50 aminoacyl-tRNAs. The remaining three codons usually signal termination of translation and the release of completed proteins from ribosomes by release factors RF1 and RF2. Efficient translation requires both rapid binding to their respective codons of cognate aminoacyl-tRNAs, in ternary complex with elongation factor EF-Tu and GTP, and fast termination of protein synthesis at stop signals by RFs. In addition to fast signal processing, codon translation must attain a high level of accuracy so that nonacceptable amino acid replacements in nascent proteins do not impair cell growth and viability. Similarly, misrecognition by RFs of sense codons as stop signals leads to truncated proteins, an energetically costly event, the frequency of which also must be contained.
Pauling was among the first to reflect on the errors that must occur during protein synthesis because of the limited maximum differences in interaction standard free energies between different pairs of amino acids, and he concluded that amino acid substitutions theoretically should occur at frequencies in the percent range (1) . Though later shown to be overly pessimistic (2) , these predictions led to theoretical studies showing that enzymatic selection can, under certain conditions, be more accurate than the instrinsic selectivity of a single step.
The accuracy (A) of simple enzyme selection schemes, defined as the probability of correct product formation divided by the probability of an error at equal concentrations of cognate and noncognate substrates, is limited by the standard free energy difference between the transition state leading to product formation and ground state for cognate (⌬G c ) and noncognate (⌬G nc ) substrates by the inequality
. The precision of codon translation depends on differences in H-bond energies between cognate and noncognate tRNAcodon interactions, though other interactions like steric repulsion also may be important. H-bonds alone probably cannot explain the average error frequency of about one mistake per 2,000 codons (1). Indeed, biochemical experiments show that the precision of codon translation is achieved by kinetic proofreading (4-6), where a moderate ⌬⌬G value is used twice or more in successive selection steps (7) (8) (9) . To satisfy the rules of thermodynamics, such reactions must be accompanied by extra dissipation of free energy, provided during translation by the hydrolysis of GTP on EF-Tu (4-6). Each sense or stop codon is related to the members of a set of nonsynonymous codons by a single nucleotide change and must be distinguished on this basis by the decoding tRNAs and RFs that continuously probe the ribosomal A-site. These two classes of molecule recognize codons by different types of interaction. Missense errors ultimately depend on the selectivity of RNA-RNA interactions, which must be enhanced by proofreading mechanisms, whereas termination errors depend on the selectivity of protein-RNA interactions. It was therefore of interest to investigate how RFs achieve rapid and accurate translation termination, a problem of recognition of central importance to the cell but about which little is known. The ribosome provides a unique opportunity to compare the specificity with which nucleotide triplets in a similar environment, namely, the ribosomal A-site, can be recognized by tailor-made RNA molecules (tRNAs) or by proteins (RF1 and RF2). The ribosome therefore also provides a general model system, where the ultimate limits of precision in protein-RNA and RNA-RNA interactions can be probed and compared in a controlled way.
Termination of protein synthesis in prokaryotes depends on RF1 and RF2. RF1 normally terminates at UAA and UAG and RF2 at UAA and UGA (10) . The dissociation of both factors from the ribosome after hydrolysis of the ester bond in peptidyl-tRNA connecting peptide chain with tRNA is accelerated by a third RF, the G-protein RF3 (11) (12) (13) , and this seems so far to be its only function (14) . The three stop codons together have about 20 sense codons as nearest neighbors (Tables 1 and 2) , and hot spots for false stops are likely to be found within this set of sense triplets. Estimates of the overall in vivo frequencies of termination errors by RF1 and RF2 have been made by observing the decrease in translational processivity when one or other of the RFs is overproduced in vivo. Thus, RF1 produces approximately one false stop per 100,000 codons (15) , but no biochemical data on termination rates at individual sense codons have been reported so far. We also Abbreviations: RF, release factor; EF, elongation factor. § To whom reprint requests should be addressed.
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wanted to explore the possibility that the G-protein RF3 enhances termination specificity by proofreading the erroneous pretermination complexes that arise when RF1 or RF2 bind to ribosomes with near-cognate codons in the A-site. This might occur, for example, by the presence of two recognition steps for RF1 and RF2 selection: one in the presence of RF3 and one after GTP hydrolysis and dissociation of RF3.
Materials and Methods
RFs. RF1 and RF2 were required in large amounts to perform the accuracy assays. RF1 was prepared from an overproducing strain as described by Dinçbas et al. (16) . RF2 overproduced from the wild-type gene is toxic to the cell and shows reduced activity in biochemical assays (17, 18) , especially with short peptidyl-tRNAs (our observations). RF2ala, which contains a threonine to alanine change at amino acid position 246, as in RF2 from Salmonella typhimurium (19) , can be overproduced and yields a protein with enzymatic parameters close to those of RF2 prepared from normal cells: direct comparison with chromosomally produced RF2 shows that k cat is 2-fold lower. This RF2 variant has been used for the accuracy measurements. RF2ala and the chromosomal RF2 were prepared as described by Pavlov et al. (18) .
Release Complexes. Ribosomal release complexes were made as described by Freistroffer et al. (14) , except that the Escherichia coli total tRNA fraction used was purified to produce a tRNA mixture (tBulk) that contained only the tRNA species needed for the production of release complexes. Briefly, total tRNA was aminoacylated and the amino group of the amino acid was derivatized with the heterobifunctional reagent SPDP [Nsuccinimidyl 3-(2-pyridyldithio)propionate, Amersham Pharmacia Biotech]. The derivatized tRNA was bound to a solid phase that separates it from noncharged tRNA, eluted, and treated with peptidyl-tRNA hydrolase (prepared as described by Karimi et al., ref. 20) to remove the derivatized amino acid. On a preparative scale, this procedure yielded, in total, 1 mol of purified tRNA Ile , tRNA Thr , and tRNA Phe (details to be published elsewhere).
Measurement of kcat and KM. The parameters for peptide release were measured as described by using an E. coli system (14) After incubation times between 5 s and 6 min depending on the kinetics of the reaction, 5% trichloroacetic acid was added and the sample spun down at 14,000 rpm in an Eppendorf centrifuge. The supernatant (900 l), which contained the released 14 Clabeled peptide, was withdrawn and counted in 5 ml of Aquasafe 300 Plus scintillation fluid (Zinser Analytic, Frankfurt, Germany). The total number of releasable peptides (a value needed for the calculation) was obtained by incubating release complexes with 100 M puromycin during 30 s and treating the samples in the same way as described above. Details of the treatment of the data are given in the legend to Fig. 1 .
The fold change values for k cat ͞K M , k cat , and K M shown in Tables  1-4 were calculated by using the following measured values for the
. The mRNAs used for the cognate and noncognate termination experiments had the sequence CGGGCCCUUGUUAACAAUUAAGGAGGU-AUACUAUGUUUACGAUU(STOP)CUGCAG(A) 21 .
Results
RFs Terminate with High Precision. To measure termination errors by RFs 21 mRNAs were prepared, each encoding the tetrapeptide Met-Phe-Thr-Ile, followed by one of the three stop codons or by one of the 18 sense codons that can be reached by a single mutation from one of the stop codons. Ribosomes were initiated with initiation factors and in the presence of EFs were allowed to translate the first four codons to yield the tetrapeptide, the last amino acid being 14 C-labeled. The ribosomes paused with the fifth codon in the A-site, because of the absence of RF or cognate aminoacyl-tRNA to recognize this codon, and tetrapeptidyl-tRNA Ile in the P-site. To obtain a set of well-defined substrates to study the kinetics of proper and false termination events these ribosomal complexes subsequently were separated from all other components by gel A typical experiment is shown in Fig. 1 . The decrease in termination efficiency by mutation of a stop codon to a related sense codon is shown as fold reduction (A) in k cat ͞K M for RF1 in Table 1 and RF2 in Table 2 . This reduction in k cat ͞K M is our measure of the accuracy (A) with which the RFs discriminate against false termination events at the chosen sense codons. At 37°C and in the absence of kinetic proofreading the value for ⌬⌬G is the upper limit for 0.619⅐ln(A) (from RT⅐ln(A)Յ⌬⌬G, see above). This compares standard free energies for the efficiency of termination at sense codons with those at stop codons. It is therefore a fundamental parameter for the characterization of RNA-sequence recognition. The data reveal that the termination efficiencies of both RF1 and RF2 are most sensitive to first position changes in the stop codons. We first will focus on data obtained in the absence of RF3, where there is no GTP to drive a putative proofreading mechanism. When U is changed to A or G in the first position of the stop codon the efficiency of termination by RF1 is reduced below the detection limit, corresponding to an accuracy better than 10 6 (⌬⌬GϾ8.6 kcal͞mol) ( Table 1) , an experimental limit set by the rate of spontaneous peptidyl-tRNA dissociation from the ribosome (21) . The same U to A or G changes in the first position reduce the efficiency of termination by RF2 somewhat less with accuracy values ranging from larger than 10 6 (for AAA) down to 1.5⅐10 5 (for GGA) ( Table 2 ). RF1 discriminates against CAA and CAG codons corresponding to a U to C switch in first position with the remarkably high accuracy values of about 5⅐10 5 (⌬⌬GϾ8.1 kcal͞mol) whereas the corresponding pyrimidine to pyrimidine changes led to between 14,000-and 40,000-fold reductions for RF2.
For comparison, the efficiency of aminoacylation of T7-transcribed tRNA m Met by methionyl-tRNA synthetase is reduced 10 4 -fold when the native CAU anticodon is changed to UAU and 1.2⅐10 5 -fold when it is replaced by GAU (22) . These data suggest that RF1 is much more sensitive and RF2 is moderately more sensitive to base changes in the first codon position than is methionyl-tRNA synthetase to base changes in the first position of the anticodon of tRNA m Met . Although a straightforward thermodynamic interpretation of these aminoacylation experiments cannot be made, because proofreading of the tRNAs may contribute to the selectivity of the methionyl-tRNA synthetase but not the RFs, the comparison highlights the remarkable codon recognition accuracy of RF1 and RF2. Two hot spots for termination errors, one for each RF, can be identified immediately from Tables 1 and 2 . Thus, in the case of RF1, termination accuracy at the UAU codon (Tyr) is as low as 1.1⅐10 3 (⌬⌬GϾ4.3 kcal͞mol) in the absence of RF3. For RF2 the most error-prone sense codon is UGG (Trp), where the accuracy without RF3 is 2.4⅐10 3 (⌬⌬GϾ4.8 kcal͞mol). These effects of base changes in the stop codons can be compared with the magnitude of ''context effects,'' where bases adjacent to the stop codons are mutated. The effects of changing bases immediately downstream of stop codons on the termination efficiencies of RF1 and RF2 have been measured biochemically, and the largest context effect to be found is only a factor of 5 (18) . This finding confirms that stop codons should be defined by their classical base triplets (23) and that nucleotide context can be responsible only for a fine-tuning of the termination reaction.
The accuracy of enzymatic selections normally depends on both binding parameters and catalytic rate constants (3). Termination of translation by RFs is a comparatively simple reaction. The binding contribution to accuracy therefore may be summarized as a fold increase in K M value and the contribution from catalytic rates by a fold decrease in k cat value when the RF target is changed from a stop to a sense codon. How the accuracy (Tables 1 and 2 ) is partitioned between binding and catalytic rate is shown in Table 3 for RF1 and Table 4 for RF2. For both RFs the K M values contribute by about 3 orders of magnitude to the accuracy with relatively small variations between codons. The k cat value reductions, in contrast, vary from about 2-fold to more than 1,000-fold. In other words, the k cat values determine the differences in termination efficiency at the different sense codons, whereas the K M values contribute a basic, and in most cases dominant, factor to the overall discrimination against near-cognate codons.
It is striking how U-to-purine changes in the first position cause huge drops in the k cat values, whereas the binding of RFs is reduced to about the same degree as for other less errorresistant sense codons. The fact that the transition state for hydrolysis of peptidyl-tRNA is so effectively blocked suggests that steric effects may play an important role in these cases.
RF2 recognizes UAA and UGA with about equal efficiency (14) , so it might have been expected that the efficiency with which the factor reads the sense codons AAA and AGA or GAA and GGA would be similar. In contrast, we find that RF2 becomes much more error-prone when G rather than A is present in the second position, although both dinucleotides AA and AG are part of the normal stop codons of the factor (Table  4) . A partial explanation may come from the recent observation (24) that RF2 has a 2-fold higher affinity for UGA than UAA after cleavage of the ester bond in peptidyl-tRNA. Another unexpected result in Table 4 concerns reading of UUA and UCA by RF2. The overall termination efficiencies are very similar in these two cases (Table 2 ), but how the accuracy parameter is partitioned between binding and catalysis is radically different. The efficiency for UUA is reduced about equally by a K M increase and a k cat decrease, but for UCA almost the whole reduction in termination efficiency comes from a vast increase in K M . It is conceivable that the amine group of the C in UCA interferes strongly with the binding of RF2 to the ribosome, either by charge or by size. This interference might provide part of the explanation for this remarkable switch in rejection strategy by RF2 when dealing with two very similar sense codons.
RF3 Is Slightly Deleterious for the Accuracy of Termination.
A possible function of the G-protein RF3 is to provide the necessary thermodynamic driving force (7-9) for multiple step selection of RF1 or RF2 by linking GTP hydrolysis to termination of protein synthesis. The experiment in Fig. 1 and the data in Tables 1 and  2 show clearly that this is not the case, because the addition of RF3 always reduces the accuracy, in some instances as much as 5-fold. Thus bacterial RFs do not use kinetic proofreading to attain acceptable levels of termination accuracy. Because, in contrast, precise tRNA selection requires proofreading (4-6) these experiments suggest that very sequence-specific recognition of RNA may in general be more easily carried out by proteins than by RNA molecules.
These results might appear difficult to reconcile with previous findings that RF3 does not affect the kinetics of proper termination events with a stop codon in the A-site, and that the only role of RF3 seems to be to stimulate release of RF1 or RF2 after hydrolysis of peptidyl-tRNA (14) . A likely explanation for this asymmetry with respect to the action of RF3 between termina- tion at stop and sense codons is that a noncognate enzymatic reaction is in general more sensitive to small perturbations in substrate binding than a cognate one. One clear conclusion that can be drawn from the results in Tables 1-4 is that RF3 must be able to bind to ribosomes before cleavage of peptidyl-tRNA, which is consistent with the previous conclusion that RF3 together with ribosome release factor (RRF) and EF-G stimulates drop-off of peptidyl-tRNA from the ribosome (16, 21) . The hot spots mentioned above for termination errors at Tyr (UAU) and Trp (UGG) codons are even more pronounced in the presence of RF3, with the accuracy in the case of UAU as low as 400 (Table 1) . At first sight, it might appear that the data obtained in the presence of RF3 would be those most relevant to the situation in vivo, because the factor normally is present in bacteria (11) (12) (13) . However, this conclusion should be treated with caution, because our biochemical experiments all were carried out with a tetrapeptidyl-tRNA in the A-site, and the ability of RF3 to interfere with termination events at sense codons may well depend on the length of the peptide chain in peptidyl-tRNA.
Discussion
RFs achieve a remarkable level of accuracy and do so without proofreading. Thus, the accuracy parameters in Tables 1-4 are directly interpretable in terms of ⌬⌬G values for cognate and near-cognate termination events. It seems unlikely that H-bonds can explain the values of more than 8 kcal͞mol that separate the termination reaction at CAA͞G from that at UAA͞G (Tables 1 and 3) . It therefore will be an experimental challenge to determine the molecular basis for the impressive degree of discrimination shown by RF1 against certain nearcognate codons. No comparable systematic measurements of error in aminoacyl-tRNA͞EF-Tu͞GTP ternary complex selection have been made. From the scarce data that exist (refs. 4 and 25; R. Karimi and D.V.F., unpublished results), one tentatively may conclude that tRNAs have the same ability to discriminate between their own and neighboring codons as RFs. However, the fact that tRNAs achieve this with the help of proofreading suggests that the ⌬⌬G values available for tRNA-mRNA interactions are inherently smaller than those that have evolved for protein-RNA interactions.
It is conceivable that when large ⌬⌬G values evolve there is a price to be paid. The efficiency of binding (k cat ͞K M ) of RFs to ribosomes programmed with stop codons is comparable to that found for the binding of aminoacyl-tRNAs in complex with EF-Tu and GTP to ribosomes programmed with their corresponding sense codons (14, 26) . However, the downstream processing of ternary complexes is much faster than the hydrolytic reaction of peptidyl-tRNA induced by RFs. After binding of a ternary complex containing Phe-tRNA Phe to the A-site the peptidyl-transfer reaction is completed after 30 ms on the average (26) . In contrast, RF1 requires as long as 2.0 s to hydrolyze peptidyl-tRNA and RF2 as long as 0.7 s. Both of these minimal termination times are, therefore, very much longer than the time needed for a tRNA to accept a nascent oligopeptide after its first contact with the ribosome. To our knowledge, there exists no strict physical argument implying that a high ⌬⌬G value for an enzymatic selection must be associated with a slow catalytic rate constant. However, from these data it is tempting to suggest that such a constraint may indeed exist and that the very high ⌬⌬G values developed by both RFs are fundamentally linked to their poor catalytic performance.
The error spectra for RF1 and RF2 presented here can be used to predict processivity errors in vivo because of RFdependent errors. The processivity errors for the set of all E. coli proteins (27) were calculated by using the k cat ͞K m values for the RFs in Tables 1 and 2 , previously reported RF1 and RF2 concentrations (15) , and tRNA isoacceptor levels reported by Dong et al. (28) . Assuming that all ternary complexes have the same k cat ͞K m value (2.2⅐10 7 
M
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) for their cognate interactions with the ribosome (29) , the expected frequency of false stops in E. coli proteins is approximately proportional to sequence length, reaching about 20% for proteins of 1,500 aa. In the case of individual proteins, the predicted processivity errors depend strongly on the highly variable content of UAU and UGG codons. These calculated values may be compared with the frequency of RF1-dependent false stops in ␤-galactosidase observed by Jørgensen et al. (15) , who reported that the processivity of ␤-galactosidase synthesis is reduced from 60% to 30% when RF1 is overproduced by a factor of about 35. From our in vitro results a similar drop in processivity is obtained for this protein by a simulated 12-fold overproduction of RF1, a difference that is not unexpected in view of the numerous assumptions required to compare these two sets of data. In either case, it is clear that the specificity of recognition by RFs is such that only a small proportion of processivity failures can be attributed to the action of chromosomally expressed factors.
The finding that two sense codons alone among the set that we have studied are likely to be responsible for about 50% of RF-dependent false stops in E. coli may have evolutionary implications. It is clear that the choice of codons for both Trp and Tyr, and the meaning of the stop codons that signal stop in the ''near-universal'' genetic code are subject to variation (30) . Thus, UGA encodes Trp in some Mycoplasma and nonplant mitochondria and UAA codes for Tyr in planaria. Indeed it has been suggested that all four codons of the UAN family coded for stop in an archetypal code, before the capture of UAU and UAC as Tyr codons (30) , a scenario that goes far to explain the behavior of UAU as a hot spot for errors of recognition by RF1.
